The crystal structures of the trigermanides AEGe 3 (tI32) (AE = Ca, Sr, Ba; space group I4/mmm, for SrGe 3 : a = 7.7873(1), c = 12.0622(3) Å) comprise Ge 2 dumbbells forming layered Ge substructures which enclose embedded AE atoms. The chemical bonding analysis by application of the electron localizability approach reveals a substantial charge transfer from the AE atoms to the germanium substructure. The bonding within the dumbbells is of the covalent two-center type. A detailed analysis of SrGe 3 reveals that the interaction on the bondopposite side of the Ge 2 groups is not lone pair-like -as it would be expected from the Zintl-like interpretation of the crystal structure with anionic Ge layers separated by alkaline-earth cations -but multi-center strongly polar between the Ge 2 dumbbells and the adjacent metal atoms. Similar atomic interactions are present in CaGe 3 and BaGe 3 . The variation of the alkaline-earth metal has a merely insignificant influence on the superconducting transition temperatures in the s,p-electron compounds AEGe 3 .
Introduction
The development of high-pressure high-temperature techniques in the last decades has paved the way for the synthesis of new compounds with original compositions and unusual coordination environments. Especially phases of the p-block elements habitually adopt covalent framework patterns with metal-type electrical conductivity. Such a combination of properties in the so-called covalent metals is an advantageous scenario for phonon-driven superconductivity, but it is in contrast to the framework of the Zintl-Klemm concept. Consequently, the chemical bonding in these phases is often extra-curricular with respect to the simple yet immensely expedient 8-N rule and a thorough characterization requires elaborate quantum chemical tools. Here, we present a detailed investigation of the recently discovered compound SrGe 3 and its bonding properties in the context of the homologous series AEGe 3 (AE = Ca, Sr, Ba).
Experimental
Sample handling including preparation of the precursor and the prearrangement of the octahedral high-pressure assemblies was performed in argon-filled glove boxes (MBraun, p(H 2 O) < 1 ppm; p(O 2 ) < 1 ppm). Precursor samples with nominal composition SrGe 3 were prepared by arc melting of elemental Sr (Alfa Aesar 99.95%) and Ge (Chempur 99.9999%). An excess of 1% of Sr was sufficient to compensate for the mass loss during the melting process. The resulting ingots, containing a mixture of SrGe 2 and Ge, were ground and the fine powders were loaded into crucibles machined from hexagonal boron nitride. Graphite tubes for resistive heating enclosed the sample containers. High pressures were generated with a Walker module using a MgO octahedron of 14 mm edge length [1] . Pressure and temperature calibration was conducted by in-situ monitoring of the resistance changes of bismuth [2] and by dedicated runs with a thermocouple prior to the experiments, respectively.
For the metallographic study, the samples were polished by using discs of micrometer-sized diamond powders in paraffin. The obtained specimens were investigated by light-and electron-optical microscopy. The chemical composition was established by using wavelength-dispersive X-ray spectroscopy (WDXS; Cameca SX 100) at 10 different points on the surface of the sample. For the quantification, Ba 6 Ge 25 and SrGa 4 were used as standards for Ge and Sr, respectively. Differential scanning calorimetry (DSC) experiments were performed with closed alumina crucibles under an argon atmosphere (Netzsch DSC 404c) at temperatures between 300 and 1200 K. For the effects, onset temperatures are given in text and figures.
Phase identification was realized by powder X-ray diffraction experiments (Huber image plate Guinier camera G670) employing CuK α1 radiation, λ = 1.540562 Å. High-temperature experiments were realized in DebyeScherrer geometry using a STOE-STADIP-MP diffractometer equipped with a germanium monochromator and applying a heating rate of 10 K min −1 and a holding time for data acquisition of 150 min. For Rietveld refinement, highresolution synchrotron X-ray powder diffraction data were collected on powder samples at the beamline ID22 of the ESRF using a wavelength of λ = 0.40066 Å. For full-profile crystal structure refinement and further crystallographic calculations, the program package Wincsd was used [3] .
Magnetization measurements were performed with a SQUID magnetometer (MPMS XL-7, Quantum Design) in the temperature range 1.8-400 K and for fields μ 0 H up to 7 T. Electrical resistivity measurements were carried out between 2 and 400 K by a standard dc four-probe technique (PPMS, Quantum Design). The heat capacity was measured by a relaxation-type method (HC option, PPMS, Quantum Design) between 1.9 and 320 K and magnetic fields μ 0 H up to 1 T.
Calculation procedure
Density-functional theory calculations of the electronic structure were carried out using the FP-(L)APW+lo+LO method as implemented in the Elk code [4] within the local density approximation [5] . For the calculations, the muffin-tin radii were set to 2.2 and 2.0 Bohr (1.17 and 1.06 Å) for Sr and Ge, respectively; the plane wave cut-off of |G + k| max = 9.0/R mt Bohr −1 (R mt = the smallest muffin-tin radius) was used. The number of irreducible k-points for the Brillouin zone integration amounted to 128.
The chemical bonding was analyzed within the framework of the electron localizability approach employing QTAIM [6] and the electron localizability indicator (ELI) in its ELI-D representation [7, 8] . The program Dgrid [9] was used for the computation of the electron density, the topological properties of the electron density and ELI, employing a module written for the Elk code [10] . Basin evaluation and the integration of the electron density an in-situ X-ray powder diffraction study (Fig. 2) revealing first traces of the decomposition products at 580 K. The pattern at 660 K shows only elemental germanium and SrGe 2 (hP3) [16] (space group P3̅ m1, a = 4.1168 (7) and c = 5.1510(9) Å at room temperature, a = 4.1324 (5) and c = 5.1874(7) Å at 670 K, and a = 4.1375(4) and c = 5.1972(6) Å at 740 K).
Although SrGe 2 (hP3) is commonly labeled a highpressure phase [16] , its transformation shows in an endothermic effect which is in contrast to the stability fields of the reported compounds [17] . Thus, the accepted phase diagram needs a reconsideration of this aspect. In agreement with the latest version of the published thermodynamic equilibria, the sharp exothermic peak at 1040 K is within QTAIM and ELI basins were performed numerically using a grid with a step width of 0.05 Å.
For band structure and COHP calculations, the TB-LMTO-ASA program was used [11] . The Barth-Hedin exchange-correlation potential [12] was employed for the DFT calculations. Due to the almost close-packed nature of the crystal structure, addition of empty spheres was not necessary. The following radii of the atomic spheres were applied for the calculations on SrGe 3 : r(Sr1) = 2.350 Å, r(Sr2) = 2.290 Å, r(Ge1) = 1.466 Å, r(Ge1) = 1.464 Å. A basis set containing Sr(5s,4d) and Ge(4s,4p) orbitals was employed for a self-consistent calculation with Sr(5p,4f) and Ge(4d) functions being downfolded.
Results and discussion
The tI32 modifications of trigermanides AEGe 3 (AE = Ca, Sr, Ba) are accessible by means of high-pressure high-temperature synthesis [13] [14] [15] . To give an example, SrGe 3 is found to be the majority phase of binary mixtures Sr:Ge with a molar ratio of 1:3 which are reacted in the pressure range between 8(1) and 15(2) GPa before quenching. The metallographic inspection in conjunction with WDXS analysis confirmed the composition. Differential scanning calorimetry measurements at ambient pressure ( Fig. 1) show an exothermal effect with an onset temperature of 590 K reflecting the decomposition of the metastable phase SrGe 3 . This assignment is supported by assigned to the eutectic temperature (SrGe 2 + Ge, 1030 K), and the broad one at 1179 K is attributed to the liquidus (1200 K) [17] .
Refinement of the crystal structure of SrGe 3 with highresolution powder X-ray diffraction data measured at a synchrotron source (Table 1, Fig. 3 ) yields atomic coordinates and interatomic distances (Tables 2 and 3 ) which are in good agreement with the recent single-crystal structure Crystal orbital Hamilton population for the bonds Ge1-Ge1 (dumbbell), Ge2-Ge2 (dumbbell), Ge1-Ge2 (long) and Ge2-Ge2 (long) and the integrated COHP for each bond in SrGe 3 . 
data [14] . The tI32 modification of the trigermanides AEGe 3 (AE = Ca, Sr, Ba) may be described as a stacking of two types of segments along the [001] direction. The first one contains only alkaline earth atoms, the second one is formed by Ge 2 dumbbells in two orientations -parallel (Ge2) 2 and perpendicular (Ge1) 2 to [001] (Fig. 3) . Both types of Ge atoms are five-coordinated (1+4) by other germanium atoms so that classical electron counting rules do not apply. Moreover, in addition to the five Ge neighbors, the germanium atoms have close alkaline earth neighbors, i.e. both Ge atoms have four strontium atoms at relatively short distances between 3.334 and 3.588 Å in SrGe 3 ( Table 3 ). The topology of the germanium substructure in the compound SrGe 3 is in fundamental contrast to the bonding properties of other members of the binary system Sr-Ge. [19, 20] , (2b)Ge 2− chains in Sr 7 Ge 6 and SrGe [20, 21] , layers of (3b)Ge 1− in the high-pressure phase [16] or isolated (3b) Ge 1− tetrahedra in SrGe 2 [22] . A network of (3b)Ge − and (4b) Ge 0 is formed in SrGe 5.5 [23] . The situation in SrGe 3 is more complex, and this motivated an analysis of the bonding organization by quantum chemical tools.
Crystal orbital Hamilton population (COHP) and integrated values at E F (iCOHP, Fig. 4) were computed for the bonds Ge1-Ge1 (2.538 Å), Ge1-Ge2 (2.784 Å), Ge2-Ge2 (2.534 Å) and Ge2-Ge2 (2.839 Å). The -COHP for the Ge1-Ge1 interaction is optimized at the Fermi level indicating a covalent bond, while the Ge2-Ge2 COHP reaches zero at energies slightly higher than E F , opening the possibility to fill these states by additional electrons. Positive -COHP values for both dumbbells together with high iCOHP indicate a strong covalent interaction. The longer Ge-Ge contacts show negative -COHP at E F , i.e. partially filled antibonding states. Accordingly, the calculated high iCOHP values indicate weak interactions. The ellipticity ε is defined as (λ a /λ b ) -1 with the semi-major λ a and the semi-minor λ b being perpendicular to the interaction path and |λ a | ≥ |λ b |. ), charge transfer (in units of electrons) and Pauling electronegativity (χ M -χ Ge ) of the high-pressure phases AEGe 3 (AE = Ca, Sr, Ba). The topological analysis of the electron density reveals a number of bond critical points (BCPs). The position of those within the Ge 2 units and their local bonding indicators (high values of the electron density and negative values of the density Laplacian) suggest covalent bonds within the dumbbells. Slightly reduced but still high values of the electron density combined with positive values of the density Laplacian for the intermolecular contacts Ge1-Ge2 and Ge2-Ge2 indicate weaker Ge-Ge interactions in this part of the crystal structure. Further decrease of the electron density combined with an increase of its Laplacian at the Sr-Ge and inter-layer Ge-Ge BCPs reflect further reduction of the interaction in comparison to the Ge-Ge bonds within the Ge layers. Similar characteristics were found for the Ge-Ge interactions in CaGe 3 and BaGe 3 ( Table 4) .
The electron density within the QTAIM atomic basins of the compounds AEGe 3 (AE = Ca, Sr, Ba) was integrated to yield the total population. The following subtraction from the atomic number reveals the effective charges of the AE species (Table 5 ). The decreasing effective positive charge of the alkaline earth atoms with growing atomic number is in clear contradiction with the increasing difference of the electronegativities. This observation suggests an additional interaction of the alkaline earth metals with the germanium substructure. Details of this interplay are analyzed by means of the electron localizability approach.
The distribution of the electron localizability indicator ELI-D (Fig. 5 ) reveals the absence of the last (5   th   ) shell of strontium indicating a substantial charge transfer to the germanium substructure. Moreover, a non-spherical distribution of the ELI-D in the penultimate shell indicates the participation of these electrons in the interactions of the valence region [24] .
Maxima of ELI-D on the dumbbell contacts Ge1-Ge1 and Ge2-Ge2 confirm the covalent nature of these interactions. The attractors on the bond-opposite sides of the Ge2 dumbbells in SrGe 3 are split and shifted away from the Ge-Ge axis. This situation is in contrast to the finding for the non-interacting (free) Ge 2 molecule with a single ELI-D attractor on each side of the dumbbell which is located exactly on the axis of the molecule representing a lone pair-like distribution [25] . In solid SrGe 3 , one attractor on each side of the Ge1-Ge1 dumbbell remains right on the Ge-Ge axis visualizing three-center Ge1-Sr1-Sr1 interactions; two others are shifted towards the Ge1-Sr1 contact and represent Ge1-Sr1-Sr2 bonding. All these attractors are located close to the Ge nuclei suggesting highly polar interactions. The intersection analysis (cf. contributions in Table 5 ) shows a small contribution of the Sr2 and even Ge2 atoms to the basin of this bond indicating a multi-center interaction. In case of the (Ge2) 2 dumbbell, each of the attractors on the bond opposite side splits up into two fragments shifting towards the tetrahedron of the four-center Ge2-Sr1-Sr1-Sr2 interaction. Intersection analysis shows that the main contribution to the basin of this attractor originates from the Ge2 atoms. These findings reveal the strongly polar nature of the Ge-Ge interactions on the outer side of the Ge dumbbells. Assigning all basin populations around each dumbbell to the germanium atoms yields 10.8 electrons for the Ge1-Ge1 and 8.6 electrons for the Ge2-Ge2 dumbbells. The total electron balance in such an ionic representation would be given
The analysis indicates that the Ge 2 dumbbells adopt significantly different charges despite similar Ge-Ge distances. For this charge differentiation, the dissimilar Sr environments of the Ge dumbbells seem to play an important role. However, the interactions on the outer regions of the dumbbells are not purely ionic but rather polar covalent so that the actual charge transfer is less and the effective charges of the strontium cation and the germanium dumbbells are smaller. Contributions to the basins on the bond-opposite side of (Ge1) The organization of the chemical bonding in the other AEGe 3 compounds is strikingly similar (Table 6) although there are some differences in the regions between the Ge2 dumbbells. Two different three-center interactions (Ge1-Sr1-Sr1 and Ge1-Sr1-Sr2) are found for the Ge1 dumbbell in SrGe 3 . The corresponding Ge1-Ca1-Ca2 interaction in CaGe 3 is characterized by a weak attractor. In BaGe 3, the attractor on the bond-opposite side of (Ge2) 2 is not split and consequently represents a five-center Ge2-(Ba1) 2 -(Ba2) 2 interaction.
Magnetic susceptibility data indicate that SrGe 3 is moderately diamagnetic in the normal state (≈ -30 × 10 −6 emu mol −1 ). The onset of strong diamagnetism at 5.3 K is attributed to superconductivity (Fig. 6 ). While magnetic shielding (after zero-field cooling) is complete, the Meissner effect (field cooling) reaches only 5% of -1/4π. Such a small flux expulsion is typical for a type II superconductor with strong pinning of flux lines. Electrical resistivity measurements (Fig. 7) are hampered by grain boundaries since the resistance ρ(T) saturates for temperatures above ≈ 200 K with a value of ~ 1 mΩ cm. However, values close to zero due to superconductivity occur below 5.4 K. The residual resistance ratio of ≈ 8 is in line with the fair sample quality.
The specific heat C p (T) of SrGe 3 reaches a value of 103 J mol −1 K −1 ≈ 3nR at room temperature (n = 4 corresponding to the number of atoms per formula unit, R is the molar gas constant). A significantly broadened anomaly due to superconductivity shows at low temperature (Fig. 7) . By the usual entropy conserving construction the midpoint T c = 5.2 K and the idealized "jump height" ΔC p = 6.6 mJ mol −1 K −2 are obtained. The normal-state specific heat at μ 0 H = 1 T in the representation C p /T vs. T 2 does not follow a straight line. Therefore, it is modelled by the equation
, in which γT is the electronic specific heat and βT 3 + δT 5 are the first two terms of the harmonic lattice approximation. From least-squares fits to the experimental data of SrGe 3 , the Sommerfeld coefficient γ = 5.04 mJ mol −1 K −2 and β equivalent to the initial Debye temperature θ D = 287 K were determined. The reduced specific heat jump, ΔC p /γT c ≈ 1.3, indicates weak electron-phonon coupling close to the BCS limit (ΔC p /γT c = 1.43) for SrGe 3 , which is in apparent contrast to the finding for the isostructural compound CaGe 3 with ΔC/γT c ≈ 1.6. However, the transition temperatures T c for the isostructural series AEGe 3 (tI32) (M = Ca, Sr, and Ba; Table 7 ) show little variation in total. This finding indicates the substantial similarity of the alkaline-earth trigermanides in superconductivity. In contrast, an earlier investigation on analogous trisilicides MSi 3 (M = Ca, Y, Lu [26] ) revealed significant differences of the critical temperatures which are assigned to pronounced variations of the density of states at E F .
Summary
Analysis of the chemical bonding in the trigermanides AEGe 3 (tI32) (AE = Ca, Sr, Ba) applying the quantum chemical techniques of QTAIM and electron localizability reveals unexpectedly moderate charge transfer from the alkalineearth cations to the germanium substructure with effective QTAIM charges of the AE atoms between +1.12 and +1.33. The main reason for the reduction of the effective charges is the formation of polar multi-center interactions between the Ge and the AE atoms on the bond-opposite sides of the Ge 2 dumbbells. These diatomic species are the main covalent units in the germanium substructure of compounds AEGe 3 in the tI32 modification.
